Using the transition matrix of inbreeding and coancestry coefficients, the inbreeding (N eI ), variance (N eV ), and asymptotic (N e ) effective sizes of mixed sexual and asexual populations are formulated in terms of asexuality rate (␦), variance of asexual (C ) and sexual (K ) reproductive contributions of individuals, correlation between asexual and sexual contributions ( ck ), selfing rate (␤), and census population size (N ). The trajectory of N eI toward N e changes crucially depending on ␦, N, and ␤, whereas that of N eV is rather consistent. With increasing asexuality, N e either increases or decreases depending on C, K, and ck . The parameter space in which a partially asexual population has a larger N e than a fully sexual population is delineated. This structure is destroyed when N(1 Ϫ ␦) Ͻ 1 or ␦ Ͼ 1 Ϫ 1/N. With such a high asexuality, tremendously many generations are required for the asymptotic size N e to be established, and N e is extremely large with any value of C, K, and ck because the population is dominated eventually by individuals of the same genotype and the allelic diversity within the individuals decays quite slowly. In reality, the asymptotic state would occur only occasionally, and instantaneous rather than asymptotic effective sizes should be practical when predicting evolutionary dynamics of highly asexual populations.
U NIPARENTAL reproduction by either asexual reof finite populations (Crow and Kimura 1970 ; Hartl production or self-fertilization would be vitally imand Clark 1989; Caballero 1994; Wang and Cabalportant for sedentary organisms to survive at a low populero 1999) as well as in solving various optimization issues lation density that may occur when the populations are in population management (Franklin 1980 ; Soulé exploring a new habitat or recovering from destructive 1980; Lande 1995; Santiago and Caballero 1995) . disturbance. Of these two systems of uniparental reproVarious kinds of N e have been defined, such as for induction, asexual reproduction has the advantage of savbreeding, variance, and eigenvalue, denoted here N eI , ing resources for reproduction and retaining the hetero-N eV , and N e , respectively (Ewens 1982 ; Crow and Denzygosity of individuals. In fact, many plants and lower niston 1988). These sizes determine the progress of inanimals reproduce fully or partially asexually (Harper breeding (identity by descent of two allelic genes within 1977; Kawano 1984; Richard 1986; Smith and Szathindividuals), the magnitude of random drift in gene mary 1999). In spite of this common occurrence of frequency, and the asymptotic rate of decay of segregatasexuality, population genetic structure of asexually reing loci, respectively. N eI and N eV are not identical in producing species has not been well studied. A group general, but asymptote to a common N e with increasing of individuals with any rate of asexuality (excluding generations in sexually (but not fully selfing) reproducperfect asexuality) constitutes a reproductive commuing populations (Ewens 1979; Pollak 1987; Chesser nity, i.e ., Mendelian population, and should have a paret al. 1993) . Therefore, these three kinds of N e are the ticular genetic or evolutional structure of its own. We same in populations that have persisted for sufficiently need to elucidate this structure to extend our knowlmany generations. edge on the dynamics of biological evolution.
Asexual reproduction prevents the advance of inBoth stochastic and deterministic forces determine breeding and may modify the reproductive pattern of the evolutional trajectory of a population. The stochastic individuals and consequently will change the dynamics aspect of evolution depends on the well-known parameas well as the eventual, asymptotic value of N eI and N eV . ter, effective population size N e , a concept that was coined To discuss this issue, each effective size must be formuby Wright (1931 Wright ( , 1969 to standardize the actual populated in terms of the rate of asexuality as well as some lation to an ideal one and has been widely used as a other parameters specifying the reproductive pattern of key parameter in predicting the evolutional dynamics individuals. Orive (1993) and Balloux et al. (2003) addressed this issue, using the coalescence time theory. However, they did not consider some important repro-1 N e (Yonezawa 1997; Yonezawa et al. 2000) , which, howVariables c and V c in the equation of W 1 stand for the ever, was also asymptotic. In this article, we formulate mean and variance of the asexual progeny per individboth instantaneous and asymptotic effective sizes, using ual, respectively. c is equal to ␦ under a constant popthe transition matrix of the inbreeding and coancestry ulation size. 
reproduction (progeny size) and rate of asexuality (␦), although phenotypically these parameters are subject (1 Ϫ ␦)␤, 2(1 Ϫ ␦)(1 Ϫ ␤), and 2(1 Ϫ ␦), respectively. are assumed to have the same reproductive patterns as
The mean and variance of k i are denoted by k and V k , those produced sexually (sexual individuals).
respectively. The standardized variance V k /k, denoted Assuming neutrality of genes and absence of muta-K, is equal to, larger than, or smaller than (1 ϩ ␤) detions, the coefficient of inbreeding in generation t, depending on whether the sexual progeny size (s i ϩ kЈ i ) noted f t , can be described in terms of the coefficients per individual is Poisson distributed, more dispersed, of inbreeding and coancestry of the preceding generaor less dispersed than Poisson distributed, respectively. tion as Using symbols X 1 and X 2 , defined as 
two asexual individuals, between one asexual and one sexual individual, and between two sexual individuals, Symbol ck comprising X 1 stands for the correlation corespectively. The first component 1t is given by efficient between the asexual (c i ) and sexual (k i ) reproductive contributions. The reproductive correlation has been commonly observed in plant species (Harper 1t 
Equation 2 can be expressed simply as
(3) which can be simplified to
ure 1, the trajectory of N eI,t differs remarkably with different rates of asexuality as well as selfing. It also depends where on the census population size N as shown later. Such a large change in the trajectory of N eI,t occurs because the
the transition matrix (8), takes quite different values depending on the values of ␦ and ␤. From Equations 1, 3, 5, and 7, the transition matrix As generations proceed, N eI,t asymptotes either downof inbreeding is obtained as ward or upward to the eigenvalue effective size N e , depending on whether N eI,1 is larger or smaller than N e .
N eI,t is constant over generations when N eI,1 equals N e . A critical value of ␦, denoted ␦, can be obtained by solving where
the equation N eI,1 ϭ N e such that the trajectory either
declines or rises depending on whether ␦ is larger or
tive contribution with independent asexual and sexual t ϭ 1/(2N e,t ) ϩ {1 Ϫ 1/(2N e,t )} tϪ1 , the instantaneous reproduction (C ϭ 1, K ϭ 1 ϩ ␤, and ck ϭ 0), ␦ is effective sizes for inbreeding and coancestry, denoted derived as N eI,t and N e,t , are obtained by
mines the progress of genetic fixation due to random drift (Cockerham 1973; Pollak 1987) and can be which takes a larger value with a larger population size treated as the variance effective size, denoted N eV,t . As and/or selfing rate. In a nearly fully outcrossing (␤ Х generations advance, both N eI,t and N eV,t asymptote to 0) or random mating (␤ ϭ 1/N) population, ␦ takes a the same value, 1/{2(1 Ϫ 1 )} (Ewens 1979) , where 1 negative value, indicating that, as seen from Figure 1 , is the first eigenvalue of the matrix [T ij ] of Equation 8, N eI,t asymptotes downward to N e at any value of ␦. By being formulated as contrast, ␦ is ‫1ف‬ Ϫ 2/N when ␤ is close to 1, meaning that N eI,t asymptotes upward to N e at practically any ␦
unless N is relatively small. The calculations under ␤ ϭ 0.1 and N ϭ 100 in Figure 1 show that the asymptotic Neglecting the second-or higher-order terms of 1/N, direction of N eI,t is reversed at a certain asexuality rate N e is derived as between 0.5 and 0.95, which is actually 0.894. As expected, N eI,t approaches N e more slowly at a higher
asexuality. To indicate the rate (quickness) of the (10) asymptotic approach, the half-life generation, denoted t I,0.5 , at which the initial (t ϭ 1) deviation of N eI,t from In the case when the sexual and asexual reproductive N e is halved, is presented in Figure 1 (see the Figure  contributions are independent ( ck ϭ 0), Equation 10, as 1 legend for the calculation of half-life generation). N eV,t it should, becomes the same as Equation 5 of Yonezawa asymptotes in a much smaller magnitude and simpler (1997), which was derived by ignoring the reproductive pattern than N eI,t . As can be derived from Equations 8 correlation [note that the asymptotic value of the deand 10, a relation N e ϭ (1 Ϫ ␤/2)N eV,1 holds with any viation from the Hardy-Weinberg proportions, denoted values of C, K, and ck . Therefore, as shown in Figure 1 , ␣ previously, is equal to ␤/(2 Ϫ ␤) not only in a fully N eV,t is almost constant in a mainly outcrossing populasexually reproducing population (Haldane 1924) but also tion (␤ Ͻ 0.1) while it decreases by 50% in a fully selfing in a partially asexually reproducing population (Marpopulation. When ␦ is large and ␤ is small, N eV,t decreases shall and Weir 1979)]. With ␦ ϭ 0, Equation 10 equals quite slowly and its half-life generation, denoted t V,0.5 , is Equation 8 of Wang (1996) under constant population larger than t I,0.5 . The correlation ck does not produce size and selfing rate.
any important change in the dynamic patterns of N eI,t and N eV,t , although the trajectories are shifted upward when ck Ͻ 0 and downward when ck Ͼ 0 (data not INFLUENCE OF ASEXUAL REPRODUCTION presented).
ON THE EFFECTIVE POPULATION SIZE
Asymptotic effective size: It is seen from Equation 10 that the asymptotic effective size N e is the same at any Instantaneous effective size: N eI,t and N eV,t , under a Poisson-distributed asexual and sexual reproductive rate of asexuality when C ϭ (K ϩ 1 Ϫ ␤)/2 and ck ϭ 0. The condition C ϭ (K ϩ 1 Ϫ ␤)/2 holds under contribution (C ϭ 1 and K ϭ 1 ϩ ␤) with the initial condition f 0 ϭ 0 ϭ 0, were calculated for some typical
Poisson-distributed reproductive contribution (C ϭ 1 and K ϭ 1 ϩ ␤).
Otherwise N e changes with increasing values of the parameters involved. As illustrated in Fig-Figure 1. -Asymptotic patterns of inbreeding (N eI,t ) and variance (N eV,t ) effective population sizes (in ratio to census size N ) under some typical rates of asexual reproduction (␦) and selfing (␤), calculated with specifications N ϭ 100, f 0 ϭ 0 ϭ 0, ck ϭ 0, C ϭ 1, and K ϭ 1 ϩ ␤. The half-life generations t I,0.5 and t V,0.5 were calculated by t I,0.5 ϭ 1 ϩ log Q/log( 2 / 1 ), where
, N eI ϭ (N e ϩ N eI,0 )/2, and 2 equals the second eigenvalue of the matrix [T ij ], and t V,0.5 ϭ 1 ϩ log QЈ/log( 2 / 1 ), where
and N eV ϭ (N e ϩ N eV,0 )/2. asexuality rates in different patterns depending on the
ck K values of C, K, and ck (Figure 2 ). When ck ϭ 0, the relative magnitude of C to (K ϩ 1 Ϫ ␤)/2 alone counts;
N e increases with increasing ␦ when C Ͻ (K ϩ 1 Ϫ ␤)/2 (case 2 in Figure 2 ), whereas it decreases when which is the same as that obtained previously (Yone-C Ͼ (K ϩ 1 Ϫ ␤)/2 (case 3). This trend is considerably zawa 1997) under ck ϭ 0. C 0 increases when ck is negamodified in the presence of a reproductive correlation; tive, and then the condition for asexuality to be advantack acts to enlarge N e when negative and to decrease it geous (C Ͻ C 0 ) becomes less severe. The condition C Ͻ when positive.
C 0 is met at any asexuality rate when ck Ͻ 0 and C Յ The effect and interrelationship of the various repro-(K ϩ 1 Ϫ ␤)/2. To visualize the parameter space that ductive parameters can be more comprehensively grasped satisfies C Ͻ C 0 , line C ϭ C 0 was drawn in Figure 3 for on the basis of the term ␦(2C Ϫ K Ϫ 1 ϩ ␤) ϩ 2 ck some typical combinations of K, ␤, and ck . In this figure, √2␦(1 Ϫ ␦)CK, a component of the denominator of three regions, i.e., above, on, and below the line C ϭ Equation 10 . N e of a partially asexual population is C 0 (named phases I, II, and III in Yonezawa 1997), are larger than, equal to, or smaller than that of a fully delineated; a population that locates above, on, or below sexual population, depending on whether this term is the line has a N e that is smaller than, equal to, or larger negative, zero, or positive; in other words, C is smaller than, equal to, or larger than a critical value defined as than that of a fully sexual population (␦ ϭ 0). A negative individuals, N(1 Ϫ ␦), is Ͻ1; in other words, the asexuality rate is Ͼ1 Ϫ 1/N. Therefore, when calculated with a small, highly asexual population, N e /N could be significantly larger than that calculated by Equation 10.
The calculations with population sizes 50 and 200 (Figure 4) give the same trend pointed out by Balloux et al. (2003) that N e increases suddenly toward infinity when asexuality becomes complete. The sudden increase in N e occurs with any values of the reproductive parameters C, K, and ck . With the same asexuality rate, the increase is more prominent in a smaller population. This effect of high asexuality can be grasped in a different way. Without asexuality, the asymptotic effective size is mostly proportional to the census population size N (Caballero 1994; Wang and Caballero 1999) , and then the effective to census size ratio N e /N is constant over changing N. It is known by Equation 13 that the constancy of N e /N is destroyed when ␦ Ͼ 1 Ϫ 1/N. The calculations of Figure 5 show that with an asexuality rate as high as 0.99, N e /N increases markedly with decreasing N. It may be said that asexuality has a buffering effect of stabilizing N e against decreasing N.
The mechanism of the above-mentioned effect of asexuality can be explicitly interpreted when considering the dynamics of N e of a fully asexual population (␦ ϭ 1). Inbreeding does not progress under complete asexuality, and therefore N eI,t is always infinite. With f 0 ϭ 0 ϭ 0, N eV,t is derived from Equation 8 as
where B ϭ 1 Ϫ C/N. As it should, N eV,t is also infinite when each of the N individuals leaves one progeny (C ϭ 0). In a sufficiently large population satisfying C/N Х 0, N eV,t is almost constant and equal to N/C. With ␦ and ␤ being substituted by 1 and 0, respectively, Equation usually close when they exist. The constancy over generations of N eV,t , however, is destroyed in the long run unless N is infinitely large; N eV,t increases consistently toward infinity as generations advance, reflecting that reproductive correlation acts to raise the slope of the while genotypic diversity in the population is lost graduline and therefore to widen the region of phase III, ally due to random genetic drift, allelic diversity within whereas a positive correlation produces the opposite individuals is kept unchanged. Eventually, the populaeffect. This effect of ck is more prominent with a lower tion is totally occupied by copies of an ancestral genorate of asexuality. Selfing acts to shift down the line, type and allelic diversity within this genotype never denarrowing the region of phase III.
cays. At this state, the coancestry t is fixed to 1/2 [(1 ϩ Highly asexual and small populations: When the terms f 0 )/2 if the inbreeding coefficient is f 0 initially], and, of the second as well as the first order of 1/N are considby definition, N eV,t should be infinite. This state is estabered, N e is formulated as lished more rapidly with smaller populations (smaller B). With an extremely high if not perfect asexuality, the
, population eventually should have a similar genetic (13) structure as mentioned above, being overwhelmed by copies of an ancestral genotype. The initial genetic diwhere D stands for the denominator of Equation 10. versity should decay more rapidly and thoroughly in Equation 13 shows that N e should be larger than that obtained by Equation 10 when the number of sexual smaller populations, explaining why the sudden in- crease in N e (Figure 4 ) occurs more markedly with foundation of a population or for it to be recovered once disturbed (Figure 6 ). In reality, therefore, the assmaller populations. However, in contrast to the case of perfect asexuality, the allelic diversity within individuals ymptotic state would occur only occasionally. In this situation, instantaneous rather than asymptotic effeccontinues to decay, although quite slowly. Then, the asymptotic effective size should be extremely large. This tive sizes should be practical. When discussing the evolutionary dynamics over t generations, the harmonic large N e indicates the persistence of rather than the richness of alleles.
mean of instantaneous effective sizes of these generations should be used. By the relation ͚ t iϭ1 ⌬ i ϭ In highly asexual populations, the concept of asymptotic size would not be practical, although important ͚ i {1/(2N eV,i )} ϭ t/{2N eVh }, where ⌬ i is the increment of the coancestry between generations i Ϫ 1 and i and theoretically. With a high asexuality, the asymptotic state is established very late; hundreds of generations are N eVh is the harmonic mean of instantaneous variance effective sizes of the t generations, N eVh is obtained as required for the asymptotic state to be established after 
(1/N eI,i ).
When the reproductive parameters such as C, K, ␤, ck , and ␦ are estimated for the population concerned, N eVh and N eIh can be readily calculated using the transition matrix defined before. The initial inbreeding coefficient f 0 for this calculation should be estimated by the deviation from the Hardy-Weinberg proportions, and the initial coancestry 0 should be zero. The variance harmonic mean N eVh is stable over many generations; e.g., in Figure 7 , N eVh is practically constant over hundreds of years (although it increases gradually (N ) . N e was effective size that was estimated initially, i.e., N eV,1 , can calculated using 1/{2(1 Ϫ 1 )} with specifications ␤ ϭ 0, C ϭ be used over sufficiently many generations that follow.
K ϭ 1, and ck ϭ 0.
From Equation 8, N eV,1 is formulated as
(1/N eV,i ).
When the population initially has an asymptotic genetic structure f 0 ϭ ␤/(2 Ϫ ␤), N eV,1 , as it should, is immediSimilarly, the harmonic mean of instantaneous inbreedately equal to the asymptotic effective size N e defined in Equation 10. When heterozygotes dominate, which ing effective sizes is obtained as might occur in a population as asexual as N(1 Ϫ ␦) Ͻ netic diversities than sexual populations (Pleasants and Wendel 1989 ; Aspinwall and Christian 1992; 1, f 0 takes some negative value and then N eV,1 could be very large.
Pellegrin and Hauber 1999). There are many possible scenarios of this phenomenon; the original genetic diIn contrast to variance effective size, inbreeding effective size decreases toward N e as generations proceed versity may have been lost due to a large asexual reproductive variance (large C and small N e ), or the asexual (Figure 6 ). Reflecting this (note that the value of harmonic mean depends strongly on the smallest compopopulations may have been founded by only one or a few genotypes (a founder effect or extinction-recoloninent), N eIh decreases notably with increasing generations, although it is almost constant under a high selfing zation dynamics), or data of the asexual populations may have been collected from only a few among many rate (Figure 7) . Therefore, an instantaneous inbreeding effective size estimated in the first generation, N eI,1 , may asexual lineages (biased sampling). Moreover, in highly asexual populations, the original as well as mutational not be used for multiple-generation prediction.
To summarize, against our intuitive thought, asexugenetic diversities may be rapidly lost under pressure of natural selection (Balloux et al. 2003) . To identify ality is not always a negative factor that decreases the genetic diversity of populations. It acts either negatively the true scenario, not only the allelic and genotypic diversities of the populations but also various parameor positively depending on the various reproductive parameters, especially the magnitude of the asexual reters concerning reproductive pattern and selection as well as mutations must be known. productive variance (C) relative to the sexual one (K). With a sufficiently uniform asexual contribution of individuals (small C) and negative reproductive correla-DISCUSSION tion ( ck Ͻ 0), asexuality could be highly advantageous to retain genetic diversity (Figure 2) . In plant species, Extension to generation-overlapping populations: Many of the partially or fully asexually reproducing highly asexual populations very often show poorer ge- 
suppressed/pairwise crossing among n random parents (n/2 pairs)/single progeny from each parent a Not concerned. b Derived using the equation for the PS system defined in Yonezawa et al. (1996) . plant species are perennial (Harper 1977 Table 1 ; in scheme I, the population is (Hill 1972) for f t and t , denoted N yI,t and N yV,t , respecpropagated fully asexually, while in schemes II and III tively, both of which asymptote to a common asymptotic it is propagated fully sexually without or with control annual effective size N y . The life-time inbreeding effecof outcrossing, respectively. In formulating the N e 's, the tive size, denoted N eI,T , can be defined as (1 Ϫ f TϪ1 )/ initial population was assumed to have an asymptotic {2(f T Ϫ f TϪ1 )}, where T is counted in units of the demogenetic structure, having a deviation of ␤/(2 Ϫ ␤) from graphic generation length L, i.e., the mean age at which the Hardy-Weinberg proportions. In this case, N e in new individuals are produced either sexually or asexueach scheme can be derived from Equation 10 with the ally (Orive 1993). Because a relation reproductive parameters C, K, and ck being defined as presented in Table 1 .
The calculations illustrated in Figure 8 show that the relative effectiveness of these schemes depends on the
sampling fraction u. When more than half of the individuals are sampled to produce progeny (u Ͼ 0.5), scheme
I is superior to II and III, whereas II is the best when less than half of the individuals (u Ͻ 0.5) are sampled holds, N eI,T is derived as in mainly outcrossing populations. Scheme III is superior to II only with sampling fractions as high as or higher than ‫.8.0ف‬ The difference of the three schemes
diminishes as ␤ gets close to unity; N e of all three equals which equals a weighted harmonic mean of the annual uN/(1 Ϫ u) when ␤ ϭ 1. effective sizes over [L] years. After N yI,t has reached the Coalescence effective size: Orive (1993) and Balasymptotic size N y , N eI,T becomes loux et al. (2003) formulated N e of both sexual and asexual populations, using the coalescence time theory.
This approach has some advantages, such as providing exact analytical expressions and defining both allelic and genotypic effective size (L. Lehmann and F. Balwhere f [L] is the mean inbreeding coefficient over [L] loux, unpublished results). However, the reproductive years, i.e., ͚ [L] iϭ1 f tϪi / [L] . N eI,T asymptotes to N y /[L] as parameters C, K, and ck are difficult to incorporate exgenerations proceed. The lifetime variance effective plicitly and instantaneous N e cannot be known by the size N eV,T is derived in the same way, using the relation coalescence time theory. N eV,T ϭ (1 Ϫ TϪ1 )/{2( T Ϫ TϪ1 )}.
Conservation genetic interpretation: The reproducBalloux et al. (2003) showed that asexuality causes no noticeable change in N e unless occurring at an exductive contribution of individuals (Yonezawa 1997) . tremely high rate, and N e suddenly increases toward Meanwhile, the variances C and K can be minimized infinity when the asexuality rate tends toward unity. By by an appropriate artificial management (cf. Table 1 ), our equations, N e either increases or decreases with thereby enhancing the effective population size. increasing asexuality, depending on the reproductive
The authors are greatly indebted to Dr. F. Balloux, who kindly sent parameters C, K, and ck (Figures 2 and 4) . The trend us his manuscripts of related topics and gave valuable comments and suggestions.
pointed out by Balloux et al. (2003) occurs when C ϭ 1, K ϭ 1 ϩ ␤, and ck ϭ 0.
The calculations of coalescence time of showed that partially asexual populations have tion. In the context of our approach, his finding can 294-299. be expressed as asexuality (␦) causes no significant
